Abstract. Through a high-resolution spectroscopic survey, we analyze the velocity field of 16 planetary nebulae with [WC]-or wels-type nuclei in comparison with 8 nebulae having other central star types. We found spectral evidence for finite turbulent velocities in [WC]-type planetary nebulae superimposed on an essentially constant expansion velocity pattern. The nebulae around O-type stars show no evidences for significant turbulence while their expansion velocity is found to increase outwards. Both types of nebulae show the same mean expansion velocity. Our results support the earlier suggestions that nebulae surrounding [WC] central stars are likely related to long-lasting momentum-driven phase bubbles. Turbulence in the nebulae can be either triggered, or enhanced, by stellar wind inhomogeneities that appear ubiquitous in Wolf-Rayet nuclei.
Introduction
Planetary nebulae (PN) morphologies are well explained in the framework of the interacting stellar wind model (see Kwok et al. 1978; Balick 1994) . The resultant shells are subject to instabilities related to shocks and unstable ionization fronts, leading to a fragmentation of matter. Thus, fine nebular structure could be related to supersonic turbulence in the interaction zone, with additional structures possibly arising from clumping of the stellar winds.
Little quantitative information is available as yet on the suspected turbulent velocities. When observed at high spatial resolution (HST, ESO/NTT and VLT images), PN exhibit small-scale inhomogeneities not taken into account in current interacting stellar wind models. Simplified models have only considered white noise in the spatial distribution of velocity and density.
Recall recent spectroscopic data, obtained by Grosdidier et al. (2000 Grosdidier et al. ( , 2001a and Acker & Grosdidier (2001) , showing that turbulent-like outflows are systematically detected in the winds of [WC]-type nuclei of PN. These studies suggest that wind clumping potentially However, on the whole it seems that planetary nebulae around [WC] nuclei have similar properties compared to other galactic PN, all PN having the same galactic distribution, morphologies, as well as similar chemical abundances. The only significant difference between the two groups of PN may be the amplitudes of the expansion velocities (see Acker et al. 1996; Górny 2001) .
Concerning the velocity field, in our earlier paper (Gesicki & Acker 1996) we found that the nebulae around three [WC] stars show highly broadened profiles for three nebular lines, namely [O iii] 5007Å, [N ii] 6584Åa n dH α (see Fig. 1 ). This implies the existence of turbulent motions or strong variations of the expansion in the radial direction relative to the central core. Since 1994, we performed a spectroscopic survey to verify these conclusions on a larger sample of high resolution spectra. In Sect. 2 of the present paper, we present the observations of 16 newly observed PN and the modelling of 9 of them. In Sect. 3 we compare the velocity field of a large sample of PN with emission-lines nuclei as well as with other types of central stars. In Sect. 4 we discuss a possible connection between turbulent stellar winds and turbulent nebulae.
The observations of 16 PN and the analysis

The observations
In June 1997 and June 1998, we observed 16 PN with the ESO 1.4 m CAT telescope, equipped with the Coude Echelle Spectrometer (CES). The Hα-6562Åa n d[ Nii]-6584Å lines were observed with a resolving power of 50 000 in 1997 (f/4.7 Long Camera) and 70 000 in 1998 (f/12.5 Very Long Camera) used for 027.6+04.2, 352.9+11.4, . The effective integration times varied from 1 hour (PN G 001.5-06.7) to 5 hours.
All the spectra were reduced in the usual way by using the MIDAS package, including bias subtraction, flat field correction, and wavelength calibration.
Some nebulae are large and resolved along the long slit, while others are unresolved. Therefore we decided to extract the central part of the spectra, corresponding to approximately a 2 ′′ × 2 ′′ area on the sky. This extraction was applied to all 16 spectra.
Seven of the observed objects were not suitable for our model analysis, as they show complicated structures in their spectra (and sometimes in the images). These observations are shown in Fig. 2 . The top three objects have a [WC]-type nucleus.
The nebula PN G 002.4+05.8 ([WC4] ), is very large, and the spectrum appears irregular along the slit. For ) the nebular spectrum is PN G 332.9-9.9 (He 3-1333, [WC11] ), PN G 358.3-21.6 (IC 1297, [WC3] ) are separated from the others: PN G 09.4-5.0 (NGC 6629), , and PN G 327.8+10.0 (NGC 5882) . The scale is given in the lowest boxes. These 7 objects are not suitable for modelling and were excluded from the final sample.
severely contaminated by the spectrum of the central star, especially by strong C ii red lines. Note that the HST image obtained by de Marco et al. (1997) reveals a highly complex structure. For ) the long slit spectrum reveals complex structures with many components of different velocities.
Four not-modelled PN have a nucleus without emission-lines. PN G 009.4-05.0 is a large nebula characterized by a faint surface brightness, the [N ii] line being very weak. For .0 the long-slit spectra reveal bipolar or irregular structure in all cases.
Nine PN with fairly symmetric line profiles can be modelled (see Fig. 3 ), and are listed in Table 1 . 
The computer codes
The computer codes for calculating the photo-ionization structure and emission line profiles are described in details in Gesicki et al. (1996) and summarized in our later papers on analysis of nebular line shapes. Here we repeat a brief description.
A photo-ionization model was constructed for each object. The nebula is approximated by a spherical shell defined by an inner and an outer radius, a total mass and a radial density distribution. The central star is approximated by a black-body atmosphere defined through the effective temperature and the luminosity.
Subsequently, a radial velocity profile is assumed, with the velocity varying smoothly with radius. The predicted profile for the emission line is calculated by integrating the velocity field over the ionization equilibrium and resulting line emission coefficients. The slit parameters and seeing are used as input parameters for this calculation. Comparing the predicted profile with the observations allows one to correct the assumed velocity field.
Modelling the 9 nebulae
The photo-ionization model requires the knowledge of stellar and nebular properties as initial parameters. They are taken from the literature and presented in Table 1 . These values are often slightly changed during the fitting procedure in order to reproduce the observed Hβ flux and the line ratios (taken from the SECGPN, Acker et al. 1992 ). The adopted nebular and stellar parameters are presented in Table 2 (see the next section), where the nebulae studi e di nt h i ss u r v e ya r em a r k e dw i t ha na s t e r i s k( * ) .
The photo-ionization model also requires the nebular abundances. As described in Gesicki et al. (1996) we applied an average nebular chemical composition, but whenever possible we supplemented the data by the values found in the literature, in particular the values published in Koeppen et al. (1991) and Peña et al. (2001) .
For many objects, monochromatic images were published, which helped to establish the density profile inside the nebula. Unfortunately they are often not detailed enough, and in most cases they provide only approximate sizes for the inner nebular radius. For the hardest cases we fixed the inner radius to be about 0.4 of the outer one. For all objects, we assumed an inverted parabolic shape density distribution with the central density being twice as large as the density on the edge.
Our model is assumed to be ionization bounded, i.e. the outer radius is expected to correspond to the ionization boundary. Within such a model the line ratios are usually well reproduced, especially those formed in the outer regions. However, in three cases discussed below, we assumed a density bounded shell.
Distance is a crucial parameter for the determination of stellar and nebular parameters. In all cases we adopted a distance (given in Table 2 ) consistent with the best photo-ionization model, in agreement with published electron densities (given in Table 1 ). Assuming larger distances should result in larger and less dense nebulae. Assuming smaller distances should result in smaller radii and therefore higher densities. The adopted stellar luminosity (Table 2) is calculated in order to ionize enough mass to reproduce the observed F (Hβ) flux (Table 1) .
Deriving the expansion velocities
Because of inherent simplifications of the model and observational limitations due to the spectral resolution and variable seeing, we always searched for the simplest velocity fields. Whenever possible, we assumed a constant velocity pattern. Whether there was an indication of acceleration, we used a smoothly increasing velocity. When a simple velocity field was not found to reproduce the line shapes, we introduced a turbulent broadening.
The observed profiles (circles) together with the model best fitted profiles (solid curves) are presented in Fig. 3 .
The derived expansion velocities are presented in Table 2 , in the last three columns with the common header "results". The column v exp contains the value of a constant velocity field, or in case of acceleration (i.e. when ∆v>0) the mass weighted average velocity (see Gesicki et al. 1998) . The difference between velocities at the outer and inner radius is given in next column: ∆v.I nt h e column v turb we give the derived value for the turbulent broadening. For two objects we found, as described below, two equally good fits of line profiles with quite different velocity fields. For PN G 327.1-02.2, the [N ii] line does not show the same Gaussian shape as the hydrogen line. The PN G 352.9+11.4 spectrum is under-exposed therefore noisy. In both cases an acceleration can mimic the turbulent broadening. The two possibilities are included in the Table 2 , but for further discussion and graphic presentations we only considered the turbulent solutions. Both nebulae are built as a relatively thin shell with a relatively large inner radius.
The spectral type of the nuclei (Col. 3) are taken from Acker et al. (1992) , and include the wels-type, for "weakemission-line stars" defined in Tylenda et al. (1993) . We attribute a "cont" type to stellar spectra without emission nor absorption pattern.
Except for one PN, our results are based on two spectral lines only. The [N ii] lines originate in the outer nebular regions, whereas the hydrogen lines, formed throughout the whole nebula, are severely thermally broadened and smear the details of the velocity field. Therefore we can expect that the expansion velocities obtained in Sect. 2 are more relevant to the outer region. For a constant velocity expansion this has no influence but in the case of acceleration, the obtained velocities could be biased towards larger values.
Simultaneous fits of more spectral lines, covering the whole nebulae, would allow more reliable velocity field derivations, in particular for the two mentioned above ambiguous cases. Gaussian-like strongly broadened functions. The left part of the Hα profile shows a bump clearly not Gaussian and we interpret it as a higher velocity blob which happened to appear within the spectrograph slit.
Comments on individual nebulae
PN G 027.6+04.2 Despite reducing the inner radius the model remains still too dense as compared with observations (see Table 1 ).
PN G 029.2-05.9 The image of Schwarz et al. (1992) as well as our long slit spectra indicate a relatively large inner radius. For this PN we adopted a density bounded model, because the central star can ionize much more mass than is needed to reproduce the observed flux in Hβ. Nevertheless we see that the line ratios are well reproduced. A constant expansion velocity with turbulence reproduces well the line shapes observed in the small central area of this large nebula.
PN G 327.1-02.2 The HST image (Sahai & Trauger 1998 ) suggests that we should consider a relatively thin shell with a large inner radius. The modelled line shapes assume constant velocity plus small turbulence, but we must admit that an equally good fit could be achieved without additional turbulence but with the velocity linearly increasing from 10 to 30 km s −1 . Both solutions are presented in Table 2 .
PN G 345.2-08.8 For this PN we adopted a density bounded model, because the central star can ionize much more mass than is needed to reproduce the observed flux in Hβ. The image of Schwarz et al. (1992) shows no central cavity, so we assumed a very small inner radius. The velocity field which steeply increases in the outer layers reproduces surprisingly well the line shapes which are very different for both ions.
PN G 352.9+11.4 The image of Schwarz et al. (1992) and our long slit spectra indicate a very large inner radius. The presented model is density bounded, otherwise the flux F (Hβ) would become much larger than observed. The spectrum of this big and weak nebula is very noisy. As for NGC 6751, two solutions presented in Table 2 (1991) shows no ring features. An increasing velocity without turbulence is deduced for this object.
For the 7 PN with asymmetric and complicated line profiles (shown in Fig. 2 3. Are expansion and/or turbulent motions correlated with stellar parameters?
In a series of papers we already have analyzed the velocity fields in a number of nebulae with [WC]-type central stars and with O-type nuclei. The analyzed PN were observed from 1993 to 1998 at high resolution (R = 50 000 to 70 000) with the ESO 1.4 m CAT telescope, and the OHP 1.5 m and 1.9 m telescopes. In Table 2 we assembled the data from Gesicki & Acker (1996) , Gesicki et al. (1996 Gesicki et al. ( , 1998 , Neiner et al. (2000) together with the data from the present survey. For IC 2165, our spectrum shows some indication of stellar emissions, allowing us to classify the nucleus as being of wels-type.
Note that the whole sample presented in Table 2 is selected in the same way and analyzed using the same computer code, although published over years.
The statistical significance of the final sample should be discussed. In our earlier paper (Gesicki et al. 1998) , we analyzed the correlation found between the presence of an ionization front and the acceleration in the outer layers of the nebulae. We speculated that when the ionization front approaches the nebular edge, it accelerates the outer layers and it is what we observe. When the ionization front breaks through the outer layers, the PN looses sphericity and symmetry in line profiles, and we reject it from our sample. Now, we may revise this discussion. We found one object (PN G 345.2-08.8) which is density bounded, i.e. without an ionization front but with accelerated outer layers. Additional doubts come from many [WC]-type PN which are not accelerated (however turbulent) but are ionization bounded.
Only five of our objects are density bounded: three [WC]-type and two of type O. Note that all three density bounded [WC]-type nebulae have also the fastest expansions.
Despite the doubts, it still seems that our selection criterion prefers the ionization bounded nebulae (19 from 24). In this case we see the ionization sphere expanding into the ambient neutral gas so the symmetry is natural. Searching for other dependencies was not successful because the Table 2 presenting the nebular parameters shows large scatter in the values. For instance, we cannot state that the ionization bounded nebulae are more massive or smaller than the other.
The expansion velocity
The 3 groups of PN according to the type of their central star (see Table 2 ) show about the same mean value of the expansion velocity. The mean expansion velocity obtained for the [WC] group is 26 km s −1 ,2 0k ms −1 for the welsgroup, and 24 km s no turbulent solutions for non-[WC] nebulae. However the wels (or suspected wels) nuclei don't follow this simple classification scheme.
Our mean values of expansion velocity for non-[WC] nebulae is higher than the value of 21 km s −1 obtained by Gesicki & Zijlstra (2000) . This difference can be easily explained because their value was obtained from the [O iii] 5007Å line which is probing the inner and slower expanding nebular regions. Górny & Stasińska (1995) analyzing compilations of data found that on average the PN with [WC]-type nuclei expand faster than other PN. Their mean values are 30.9 and 19.4 km s −1 for each class respectively, while our data show rather no difference. The discrepancy should be explained as follows. At low spectral resolution, the structure of the line profiles is not visible, and the broadening of line profiles (due in fact to both expansion and turbulent velocities) were interpreted as uniquely due to high expansion velocities.
A weak correlation appears between nebular radius and expansion velocities (Fig. 4) : larger PN seem to expand faster than small PN, as also pointed out by Gesicki & Zijlstra (2000) . Note also that the smallest values of the turbulent velocity correspond to larger radii (>0.1 pc), density bounded nebulae.
The stellar parameters
We present in Fig. 5 the obtained expansion and turbulent velocities versus the classification of the [WC]-nuclei. No correlation appears, as found by others authors (e.g. expansion velocities by Peña et al. 2001) .
For all types of PN, no correlation was found between the velocities and the nuclei temperature, nor the stellar luminosity (see the HR diagram in Fig. 6 ).
The dynamical ages of the PNe can be calculated from the ratio of the nebular radius over the expansion velocity. No correlations have been found except of obvious dependencies that the older nebulae are larger and more massive.
From the dynamical ages and stellar temperatures the central star masses can be estimated (Gesicki & Zijlstra 2000) . This method applies evolutionary tracks. The evolutionary paths of [WC]-type central stars are still debated, however there are some evidences that they cannot be much different from those of normal PN cores (Górny 2001) . We estimated the core masses for all objects of our sample, the search for correlations failed also in this case. What can be stated here is that the [WC]-type nuclei do not differ from other PN nuclei with respect to stellar masses.
Finally, we used the C iii and C iv stellar lines profiles to derive the terminal velocity of the [WC] wind proportional to the FWHM of the lines (see Acker & Durand 2001) . No correlation is found between the terminal velocity and nebular expansion or turbulence. But, as shown in Fig. 7 , a clear dependence was found between terminal velocity and the ionized mass, and also the dynamical age of the nebula. From this dependence we can expect that it is possible to follow the mass-loss history for [WC]-type nuclei. It is worth noting that as the central star evolves through the post-AGB phase, the density of the fast wind decreases, while its terminal velocity increases. The very strong dependence of the cooling time with the terminal velocity thus makes the radiative cooling of the shocked fast wind less and less efficient. Therefore, PN are expected to be initially momentum-driven and later to become energy-driven, the transition occurring for a critical terminal velocity of about v c = 150 km s −1 (Kahn & Breitschwerdt 1990) .
The origin of turbulence
During the energy-driven phase, stellar wind inhomogeneities should be rapidly smoothed out by pressure waves in the hot bubble, they generally cannot be persistent enough to reach nebular distances. The link between fragmented winds and turbulent nebulae is very difficult to assess. Indeed, the most dense wind inhomogeneities, which are expected to last longer, cannot reach nebular distances easily (for a tentative approach see Grosdidier et al. 1999) . The persistence of stellar wind inhomogeneities seems to strongly depend on at least i) the density contrast (about 50 or even more) between any individual wind clump and the mean, homogeneous, underlying ambient wind, in conjunction with ii) photoionization shield effects (e.g. Mellema et al. 1998; Grosdidier et al. 1999 ) and/or iii) countervailing temperature contrasts (Owocki et al. 2000) .
This makes the connection between the star and the nebula very difficult to prove observationally in most cases (e.g. Grosdidier et al. 2001b) , the massive WR nebula RCW 104 possibly showing the best example of stellar clumps detected at nebular distances (Goudis et al. 1988) .
However, recall Mellema (2001) who pointed out that because [WC] nuclei have i) generally much larger massloss rates compared to normal central stars, and ii) H deficient and metals enriched stellar winds, the cross-over to energy-driven nebulae is expected to arise for terminal velocities above ∼1000 km s −1 >v c . Therefore PN with [WC] central stars are expected to have a long lasting momentum-driven phase which is known to be very sensitive to the non-linear thin-shell instability (Dwarkadas & Balick 1998) .
But it seems very difficult to discuss in a quantitative way the present status of the nebula. For that we would need 1) a precise estimation of the mass-loss rates (AGB and post-AGB); 2) the temperature of the nebula. It seems that any quantitative discussion about these questions is almost impossible at this time.
Our results suggest that nebulae surrounding [WC] central stars are possibly related to a long-lasting momentum-driven phase, the turbulence being either triggered or more likely enhanced, by stellar wind inhomogeneities which appear ubiquitous for Wolf-Rayet nuclei, and are able to excite very effectively the non-linear thin-shell instability as well as other hydrodynamical instabilities.
The works of Garcia-Segura & Mac Low (1995) show that small-scale inhomogeneities affects the evolution of the interaction zone between the two winds: they excite the thin-shell instability. Dwarkadis & Balick (1998) also showed that a varying mass-loss rate with time implies the formation of more structures in the nebulae. It is not sure at all that wind clumps still affect the nebulae now. However, they surely affected the formation of the shell at the beginning of the interaction between the fast wind (which was possibly already clumped) with the previous slow wind. Wind clumps imply a varying mass-loss rate per se (with space and time); wind clumps are a very natural way to input small-scale perturbations. If the PN are indeed momentum-driven such perturbations are expected to last for a long time, giving ways to new perturbations exciting new instabilities (like Rayleigh-Taylor), maintaining energy injection for velocity-supported turbulence.
Additional effects can be considered, such as multipolar flows or orbital motion of binary nuclei. But these effects are believed to only affect the GLOBAL structure and dynamics of the nebulae. Turbulence requires smallscale instabilities. Given the high number (could be as high as 50 000; Lépine & Moffat 1999) of features which are present in (possibly) any [WC] stellar wind line-emission region, wind clumping may be an important factor. Stellar evolution scenarios of [WC] stars should certainly be influenced by stellar mass-loss rates being revised downwards.
Conclusions
We have presented the first extended study of velocity fields inside PN with [WC]-type nuclei. The analysis of a sample of 16 PN with emission-line nuclei is performed in comparison with 8 other nebulae. The following conclusions can be drawn.
-For the whole sample of PN, the median value of the expansion is about 25 km s −1 . The mean expansion velocities for [WC]-type nebulae are not significantly different from those of "normal" PN. For all types of PN, the expansion velocity is increasing with the nebular radius.
-All [WC]-type PN show evidence of strong (often supersonic) turbulent motions. Their velocity field is best represented by a turbulence superposed on an essentially constant expansion velocity. The non-[WC] PN show no evidence for turbulence, however the expansion velocity is found to increase outwards.
-No correlation is found between expansion or turbulent velocities and stellar parameters such as temperature, [WC]-subtypes and luminosity, or against terminal velocity of the wind, or nebular age.
-Finally, our results support the earlier suggestions that nebulae surrounding [WC] central stars are likely related to long-lasting momentum-driven phase bubbles. The detected turbulence could be either triggered, or enhanced, by stellar wind inhomogeneities that appear ubiquitous in Wolf-Rayet nuclei.
